ABSTRACT. Hyperlipidemia is a well-established risk factor for the development of coronary atherosclerosis, while intermedin (IMD) has been identified as a novel calcitonin/calcitonin gene-related peptide family member involved in cardiovascular protection. However, whether IMD protects against hyperlipidemia-associated myocardial ischemia/reperfusion (MI/R) injury is unknown. We established a hyperlipidemia model using Sprague-Dawley rats, and created a MI/R condition by ligating the cardiac left circumflex artery. The possible pathophysiological role of IMD and its physiological function in MI/R was further studied. The level of IMD significantly decreased in hyperlipidemia rats (P < 0.05). After MI/R, the IMD level was increased both in the plasma and myocardial tissue of hyperlipidemia rats compared to the sham-operated rats (P < 0.001). As evaluated by the activity of LDH, CK-MB, MDA and SOD, additional IMD was revealed to alleviate MI/R heart injury in hyperlipidemia rats (P < 0.05). By regulating the process of cardiomyocyte apoptosis and inflammatory reaction, IMD could perform an important role in cardio-protection, especially against hyperlipidemia-associated MI/R injury. Additional IMD could protect cardiac myocytes against MI/R injury via reduction of apoptosis and inflammation in the hyperlipidemia rat model, and thus, it may play a potential role as a novel therapeutic target for cardiac ischemic injury in hyperlipidemic patients.
INTRODUCTION
Hyperlipidemia, characterized by elevated serum lipoproteins, total cholesterol (TC) and triglycerides (TG), is associated with an increased risk of coronary heart disease such as myocardial infarction and atherosclerosis (Ross and Harker, 1976; Assmann and Schulte, 1992) . Several studies conducted in rodent models have suggested that myocardial ischemia/reperfusion (MI/R) injury in the setting of hyperlipidemia may result in more myocardial necrosis and apoptosis compared with non-hyperlipidemia animals (Wang et al., 2002; Osipov et al., 2009) . For patients with a first MI condition, hyperlipidemia has been reported to have a detrimental effect on ventricular function with a more pronounced deterioration; but if treated with lipid-lowering agents before MI, myocardial infarct size can be significantly reduced both in patients and experimental animals (Wang et al., 1998; Aronow et al., 2008) .
However, pharmacologic agents for reducing myocardial injury in hyperlipidemia patients are limited; thus, newly effective drugs need to be further explored. Intermedin (IMD), also known as adrenomedullin 2, is a newly discovered peptide that belongs to the calcitonin gene-related peptide (CGRP) superfamily . IMD is expressed in many organs of body, including those of the gastrointestinal tract, pancreas and lung, and it has been shown to be a multifunctional peptide involved in the regulation of cardiovascular dynamics, including potently dilating systemic and pulmonary vessels, influencing regional blood flow, augmenting cardiac contractility, and increasing urinary flow and urinary sodium excretion Bell and McDermott, 2008; Smith et al., 2009) . The distribution of IMD in the cardiovascular system is compatible with a physiological role in the inhibition of collagen synthesis, which simultaneously attenuates cardiac fibroblast proliferation and cardiomyocyte hypertrophy Yang et al., 2009) . In recent studies, increased attention has been devoted to the role of endogenous IMD in cardiovascular diseases. The robust IMD expression in a sick cardiovascular system implies a significant effect on cardiovascular system pathology (Bell and McDermott, 2008; . Additionally, IMD has been reported to reduce hyperglycemia-exacerbated MI/R injury in diabetic rat models . As a major cause of myocardial infarction similar to diabetes, however, whether the condition of hyperlipidemia can be alleviated by IMD is still unknown.
In the current study, we aimed to determine whether IMD can protect the heart with hyperlipidemia against MI/R injury and, if so, to explore further its possible mechanism.
MATERIAL AND METHODS

Animals and interventions
The male Sprague-Dawley (SD) rats (weight: 250-350 g) were purchased from Qingdao Drug Administration, China. Rats were housed in a specific pathogen-free room, with controlled temperature (24° ± 2°C) and humidity (55 ± 10%) and free access to standard rat chow and water in the experiment center of the Affiliated Hospital of Medical College, Qingdao University. The ordinary diet and high-fat diet (HFD) (consisting of 10% lard oil, 2% cholesterol, and 88% standard diet) (Liu et al., 2013) were obtained from Shanghai Si-LaiKe Experimental Animal Ltd. All study protocols were approved by the Medical College of Qingdao University Animal Care Committee. Rats were randomly assigned to five different groups: non-hyperlipidemia group (NH, N = 10, non-hyperlipidemia + ischemia/reperfusion (NIR, N = 10), hyperlipidemia group (HG, N = 10), hyperlipidemia + ischemia/reperfusion (HIR, N = 10), and hyperlipidemia + ischemia/reperfusion + IMD treatment (IMD, N = 10). In the IMD treatment group, IMD (20 nmol/kg) was diluted in 1X phosphate-buffered saline and infused 20 min after MI onset, via the left femoral vein over a period of 10 min (Du et al., 2011) .
MI/R
Five weeks after the initial treatment, SD rats were anesthetized by intraperitoneal injection of 7% chloral hydrate (Aoxin, China). A left thoracotomy and pericardiotomy were performed. The left coronary artery was dissected above the first diagonal branch and ligated immediately proximal to the left circumflex arterial origin with silk thread. Slipknot-induced occlusion proceeded for 30 min. R wave amplification and ST segment depression were observed immediately in lead II of the attached electrocardiogram. Myocardium distal to the ligation line darkened, indicating myocardial ischemia. After 30 min MI, the slipknot was released for 120 min, allowing reperfusion (R) (Fang et al., 2009 ). Blood was collected after R by cardiac puncture and centrifuged at 2000 g for 10 min. Serum and plasma were stored at -80°C for further analysis. Rats were sacrificed via direct intraventricular KCl injection (Gao et al., 2011) . Hearts were removed and rinsed with ice-cold phosphate buffered saline. Ventricular tissue was immediately frozen in liquid nitrogen and stored at -80°C.
Determination of plasma IMD levels
Rats' blood samples were prepared as previously described (Zhang et al., 2009 ). Plasma was loaded to a Sep-Pak C18 cartridge (Phoenix, AZ, USA) and pre-equilibrated with 0.5 mM acetic acid (Xilong, China). The adsorbed material was eluted with 4 mL 50% CH 3 CN (Saike, China) containing 0.1% trifluoroacetic acid (Guochen, China) (Jiang et al., 2004) . After lyophilization, the residue was dissolved in radioimmunoassay buffer and analyzed following the IMD kit's manufacturer protocol directions (Phoenix, AZ, USA).
Serum biochemical analysis
The serum concentrations of TG, TC LDL-C, and HDL-C were measured accord-ing to the manufacturer instructions (Nanjing Jiancheng Bioengineering, China). The lipid concentrations in each sample were calculated using standards provided in the kits, taking into account any dilution factors required. For determining the serum level of LDH, CK-MB, tumor necrosis factor alpha (TNF-α) and interleukin-6 (IL-6), corresponding rat ELISA kits were used in accordance with the manufacturer protocol (Nanjing Jiancheng Bioengineering).
Cardiac tissue biochemical measurement
Cardiac malondialdehyde (MDA), superoxide dismutase (SOD), TNF-α and IL-6 levels were determined using the tissue samples from the left ventricular apex ischemic region after the 2-h reperfusion period and homogenized in 1.15% KCl (Guochen, China) buffer . Myocardial MDA, SOD, TNF-α and IL-6 content were detected per manufacturer protocol (Nanjing Jiancheng Bioengineering, CA, USA).
Western blot analysis
Frozen ventricle samples were homogenized in protein lysate buffer [50 mM TrisHCl, pH 7.5, 50 mM 2-mercaptoethanol, 5 mM EGTA, 2 mM EDTA, 1% NP-40, 0.1% sodium dodecyl sulfate polyacrylamide (SDS), 0.5% deoxycholic acid, 10 mM NaF, 1 mM PMSF, 25 mg/mL leupeptin, 2 mg/mL aprotinin] (CWBIO, China), and protein concentrations were determined using the BJKO assay system (BJKO, China). Total proteins were fractionated using SDS gel electrophoresis and transferred to a polyvinylidene fluoride membrane. Primary antibodies (Abcam, UK; CWBIO, China) were diluted 1:1000 in TBST (CWBIO, China), added to the membrane, and incubated overnight with agitation at room temperature. After incubation with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (CWBIO, China) at room temperature for 60 min, signals were detected using the VILBER enhanced chemiluminescence system (VILBER LOURMAT, France) according to manufacturer instructions.
Statistical analysis
All values are reported as means ± SE. We evaluated significant differences for in vitro data using the Student t-test. P < 0.05 was considered to be statistically significant for all tests.
RESULTS
HFD treatment successfully induced a hyperlipidemia model
Blood lipid levels of the rats were recorded at the beginning of the experiment and each week after initial HFD treatment. In the initial period, no significant difference was found in blood lipids between all groups (Table 1) . Five weeks after HFD treatment, hyperlipidemia rats manifested significantly increased blood TG, TC, LDL-C levels and decreased levels of HDL-C compared with the non-hyperlipidemia group (P < 0.05, Table 1 ), indicating that a hyperlipidemia rat model had been successfully induced ( Figure 1A ). sham; NIR = non-hyperlipidemia ischemia/reperfusion + vehicle; HG = hyperlipidemia sham; HIR = hyperlipidemia ischemia/reperfusion + vehicle; IMD = hyperlipidemia ischemia/reperfusion + IMD treatment. Results are reported as means ± SE. *P < 0.05; **P < 0.01; ***P < 0.001. Table 1 . Animal serum TC, TG, LDL-C, and HDL-C levels at designated time points.
Hyperlipidemia rats manifested significantly decreased IMD levels, while MI/R increased IMD levels
The IMD levels determined are shown in Figure 1 . It was not only the plasma but also Results are reported as means ± SE. *P < 0.05; ***P < 0.001 significant. For other abbreviations, see legend to Table 1. myocardial tissue manifested significantly decreased IMD levels in hyperlipidemia rats compared to control animals (P < 0.05). After MI/R, the IMD levels both in plasma and myocardial tissue were increased in the hyperlipidemia and non-hyperlipidemia rats compared with the sham-operated rats (P < 0.001, Figure 1B and C), suggesting that MI/R could increase IMD levels.
IMD attenuated MI/R injury in hyperlipidemia animals
To determine the state of myocardial injury in the animals, we examined some biochemical parameters after MI/R. As a result, significantly increased levels of LDH, CK-MB and MDA and decreased activity of SOD was observed both in the normal and hyperlipidemia rats as a response to MI/R (P < 0.05, Table 2 ). Conversely, with IMD administration, a significant reduction was found in serum LDH and CK-MB and myocardial MDA, whereas the SOD levels was simultaneously increased by 39% compared with no IMD injection MI/R rats (P < 0.05, Table 2 ). All these data suggested that IMD may have protective roles in MI/R injury for the hyperlipidemia animals. 
IMD attenuated cardiomyocyte apoptosis in hyperlipidemia rats after MI/R
It has been previously established that the expression of caspase-3, Bax and Bcl-2 has crucial roles in the progression of cell apoptosis (Babu et al., 2004; Song et al., 2012) . To determine whether IMD protection in hyperlipidemia rats is associated with apoptosis inhibition, we examined the expression levels of caspase-3, Bax and Bcl-2, by Western blot analysis. Consequently, after MI/R, caspase-3 and Bax proteins were significantly upregulated both in hyperlipidemia and normal rats, whereas the expression of Bcl-2 was downregulated in the meantime (P < 0.05, Figure 2 ). After treatment with IMD, it was observed that additional IMD decreased caspase-3 activity and pro-apoptotic Bax expression, and increased the antiapoptotic Bcl-2 protein levels compared with the respective hyperlipidemia animals (P < 0.05, Figure 2 ). These results demonstrated that IMD could improve myocardial MI/R injury by reduced cardiomyocyte apoptosis in hyperlipidemia animals.
IMD attenuated MI/R-induced inflammation in hyperlipidemia rats
To study the effects of inflammatory cytokines in hyperlipidemia rats treated with IMD during MI/R, we next investigated the level of TNF-α and IL-6 in serum and myocardial tissues. MI/R significantly increased TNF-α and IL-6 levels compared to respective control groups (P < 0.05, Table 3 ). Importantly, cytokine expression was significantly greater in hyper-lipidemia rats compared to non-hyperlipidemia ones, both in sham and MI/R groups (P < 0.05, Table 3 ). Furthermore, in the IMD group, TNF-α and IL-6 levels were significantly reduced not only in serum but also the myocardial tissues (P < 0.05, Table 3 ), suggesting that IMD administration at least partially decreased the inflammatory reaction in hyperlipidemia rats. Figure 2 . Intermedin (IMD) mitigates myocardial injury by reducing apoptosis. The activity of Caspase-3, Bcl-2, and Bax protein in myocardial tissues was shown by Western blot analysis. NH = non-hyperlipidemia sham; NIR = non-hyperlipidemia ischemia/reperfusion + vehicle; HG = hyperlipidemia sham; HIR = hyperlipidemia ischemia/ reperfusion + vehicle; IMD = hyperlipidemia ischemia/reperfusion + IMD treatment. *P < 0.05; **P < 0.01; ***P < 0.001 significant. 
DISCUSSION
In the present study, we demonstrated that hyperlipidemia could significantly decrease the IMD level in a hyperlipidemia rat model. Moreover, we provided evidence that the elevated IMD levels after MI/R alleviated hyperlipidemia-mediated myocardium injury by reducing cardiomyocyte apoptosis and inflammatory reactions. The upregulation of IMD peptide in hyperlipidemia states may indicate an important role in myocardium protection against hyperlipidemia-mediated MI/R injury.
Cardiovascular disease is the principal cause of death in many countries, of which myocardial infarction is the most serious condition. In the variety of causes of MI, hyperlipidemia is a significant reason because it not only results in the deposition of lipids in the athermanous lesions but may produce the primary endothelial injury, which promotes the atherosclerotic process (Ross and Harker, 1976) . Several large observational studies have assessed the association between blood lipid concentrations and cardiovascular risk. It was reported that both higher TG and TC levels were significant independent predictors of coronary death only in participants in the upper age range (Tverdal et al., 1989) . After simultaneous adjustment for a variety of coronary risk factors, TG concentrations manifested significant correlation with MI, ischemic heart disease and survival after 26 years of follow-up in a large-scale prospective cohort study (Nordestgaard et al., 2007) . Thus, improving the state in patients with high blood lipids may play an important role in ameliorating the quality of life and prognosis for coronary heart disease patients. Currently, our study first indicated that besides lipidlowering drugs such as statins, the newly discovered peptide intermedin also has a crucial role in the hyperlipidemia rat model. After 30 min MI and 120 min reperfusion, severe injury occurred in rat myocardium, along with increased LDH, CK-MB, MDA and decreased SOD levels, whereas IMD was shown to attenuate MI/R-induced injury by inducing the opposite changes. In addition, MDA is a well-accepted marker of oxidative stress, which reflects the extent of systemic lipid peroxidation. Moreover, the antioxidant SOD protects cells by reducing free radical-induced injury, whose levels reflect the body's capacity to scavenge oxygen free radicals (Rachmat et al., 2013; Yang et al., 2013) . In our results, post-MI/R MDA levels were significantly increased in hyperlipidemia rats and markedly reduced by IMD treatment, while myocardial SOD activity was attenuated after MI/R and further upregulated in IMD group. These data demonstrated that IMD administration could partially reverse these outcomes, suggesting IMD may be involved in the inhibition of MI/R-induced oxidative stress in hyperlipidemia rats. Additionally, in view of the increased MDA content and decreased SOD activity observed in the hyperlipidemia MI/R group, we also suggest that hyperlipidemia-enhanced oxidative stress may exacerbate MI/R injury.
Apoptosis is closely related to the occurrence and development of various diseases, while cardiomyocyte apoptosis contributes to a variety of heart diseases such as myocardial infarction, cardiomyopathy, progressive pump-failure and arrhythmias, as well as cardiac remodeling (Mehrhof et al., 2001) . Numerous studies have shown that the Bcl-2 protein family plays an important role in the regulation of the apoptotic process, which could somehow cause diverse forms of intracellular damage and integrate the competing signals of death stimuli, and further determine cell survival (Adams and Cory, 1998; Babu et al., 2004) . As a typical representative of this family, Bcl-2 has been reported to exert its anti-apoptotic effect by blocking the activation of caspase enzyme-associated signaling pathways, antagonizing the function of another family member Bax and so on (Adams and Cory, 1998; Henshall et al., 2002; Babu et al., 2004; Nieminen et al., 2013; Tinahones et al., 2013) . Significantly, our study demonstrated that MI/R increased caspase-3 and Bax protein expression in hyperlipidemia animals, while the activity of Bcl-2 was decreased in the meantime, suggesting that hyperlipidemia rats showed exacerbated apoptosis after MI/R compared to non-hyperlipidemia rats. Moreover, previous studies have demonstrated that IMD administration decreases MI/R-induced cardiomyocyte apoptosis Du et al., 2011) , and that myocardial injury may be exacerbated by downregulated IMD during early reperfusion (Teng et al., 2013) . Our research further reinforced these reports, which demonstrated that the alteration of apoptosis-associated genes after MI/R was attenuated by additional IMD treatment, indicating that IMD has an anti-apoptotic effect on the MI/R heart injury in hyperlipidemia models. Additionally, in our current study, inflammatory cytokines were shown to be regulated during MI/R and IMD administration was observed to decrease the hyperlipidemia-induced serum/myocardial TNF-α and IL-6 overexpression. These data provided a new clue to study the mechanism of IMD treatment for hyperlipidemia-associated myocardial injury, and thus, further investigations about whether IMD attenuates hyperlipidemia-induced MI/R injury via inflammatory signaling mitigation should be done.
CONCLUSION
In summary, our results indicated that IMD is involved in cardiac MI/R diseases. With additional IMD, MI/R injury of cardiomyocytes could be attenuated via reduction of apoptosis and inflammation in a hyperlipidemia rat model. Thus, IMD may be a potentially novel therapeutic target for ischemic injury of the hyperlipidemic heart, which warrants further studies.
